A microbial consortium that reductively dechlorinates trichloroethene, cis-1,2-dichloroethene (cis-DCE), and vinyl chloride (VC) to ethene with methanogenesis was enriched from chloroethene-contaminated soil from Japan. Dechlorination activity was maintained for over 4 years. Using quantitative polymerase chain reaction (PCR) and denaturing gradient gel electrophoresis (DGGE) analysis targeting the ''Dehalococcoides'' 16S rRNA gene, four strains were detected. Their growth and dechlorination activities were classified into two types: one that grows by converting cis-DCE to ethene and the other that grows by converting cis-DCE to VC. Then, the vcrA and bvcA genes encoding cis-DCE/VC reductive dehalogenases were detected. Inhibitors of methanogenesis (2-bromoethanesulfonate) and sulfidogenesis (molybdate) led to accumulation of cis-DCE and of VC respectively. These results suggest that methanogens and sulfate-reducing bacteria can play a significant role in dechlorination by ''Dehalococcoides.''
A microbial consortium that reductively dechlorinates trichloroethene, cis-1,2-dichloroethene (cis-DCE), and vinyl chloride (VC) to ethene with methanogenesis was enriched from chloroethene-contaminated soil from Japan. Dechlorination activity was maintained for over 4 years. Using quantitative polymerase chain reaction (PCR) and denaturing gradient gel electrophoresis (DGGE) analysis targeting the ''Dehalococcoides'' 16S rRNA gene, four strains were detected. Their growth and dechlorination activities were classified into two types: one that grows by converting cis-DCE to ethene and the other that grows by converting cis-DCE to VC. Then, the vcrA and bvcA genes encoding cis-DCE/VC reductive dehalogenases were detected. Inhibitors of methanogenesis (2-bromoethanesulfonate) and sulfidogenesis (molybdate) led to accumulation of cis-DCE and of VC respectively. These results suggest that methanogens and sulfate-reducing bacteria can play a significant role in dechlorination by ''Dehalococcoides.'' Key words: bioremediation; chloroethene; ''Dehalococcoides''; dehalorespiration; reductive dechlorination
Reductive dechlorination by dehalorespiring bacteria is an important process in the natural attenuation and bioremediation of toxic chlorinated chemicals such as tetrachloroethene (PCE) and trichloroethene (TCE). During this process, PCE is successively converted to TCE, dichloroethenes (cis-1,2-dichloroethene or cis-DCE, or trans-1,2-dichloroethene or trans-DCE), vinyl chloride (VC), and ethene. However, because the less chlorinated compounds are still harmful (VC, for example, is considered a human carcinogen), complete dechlorination to nontoxic ethene is necessary to reduce the potential for toxicity.
Although many bacteria are capable of dehalorespiration, only members of the genus ''Dehalococcoides'' are known to dechlorinate cis-DCE and VC to ethene. 1, 2) It is thus crucially important for successful bioremediation. The ''Dehalococcoides'' strains identified to date exhibit different dechlorination spectra. ''Dehalococcoides ethenogenes'' strain 195 and ''Dehalococcoides'' sp. strain FL2 dechlorinate PCE and TCE to ethene, respectively, but the last step from VC to ethene is thought to proceed in a cometabolic manner. 3, 4) On the other hand, ''Dehalococcoides'' sp. strains BAV1, VS, and GT efficiently dechlorinate VC to ethene through a metabolic process. [5] [6] [7] [8] ''Dehalococcoides'' sp. strain CBDB1 was isolated as a chlorobenzene dehalorespirer, but it also dechlorinates PCE and TCE to trans-DCE. 2, 9) ''Dehalococcoides'' sp. strain MB also dechlorinates PCE to trans-DCE, predominantly via TCE. 10) ''Dehalococcoides'' species are known to require hydrogen, halogenated compounds, acetate, and vitamin B 12 for growth. Hence, hydrogenotrophs such as methanogens and sulfate-reducing bacteria (SRB) compete with ''Dehalococcoides'' populations in mixed cultures. [11] [12] [13] [14] [15] [16] In contrast, interspecies hydrogen transfer from the aceticlastic methanogen Methanosarcina to VC-dechlorinating ''Dehalococcoides'' has been documented. 17) Methanosarcina spp. are known to be capable of acetate oxidization to produce hydrogen. Moreover, fermentation of lactate to acetate and hydrogen and vitamin B 12 biogenesis by Desulfovibrio desulfuricans and Acetobacterium woodii respectively facilitated the growth of ''D. ethenogenes'' strain 195 in co-and tricultures. 18) These findings suggest that a great deal of complexity exists in the interactions between ''Dehalococcoides'' and methanogens/SRB, depending on their metabolic activities and environmental factors such as hydrogen, acetate, and vitamin B 12 concentrations.
The methanogenesis inhibitor 2-bromoethanesulfonate (BES) and the sulfidogenesis inhibitor molybdate have been used to investigate the roles of methanogens and SRB in mixed cultures (e.g., dechlorinating con-sortia amended with polychlorinated dibenzo-p-dioxins/ dibenzofurans). 19) BES has also been applied to eliminate the methanogenic population. For example, it was used to enrich 1,2-dichloropropane dechlorinators and to isolate ''Dehalococcoides'' sp. strain FL2. 4, 20) In this paper, we present the results of a study on TCE reductive dechlorination by a microbial consortium containing multiple ''Dehalococcoides'' strains. The consortium was enriched from chloroethene-contaminated soil from Kanagawa Prefecture, Japan and maintained for over 4 years. Dechlorination activity and microbial community structure with and without BES and molybdate were investigated, and the results are discussed with a focus on the ecological relationship between ''Dehalococcoides'' and methanogens and between ''Dehalococcoides'' and SRB.
Materials and Methods
Chemicals. Chloroethenes were purchased as follows: PCE, Ishizu Pharmaceutical (Osaka, Japan); TCE, Katayama Chemical (Osaka, Japan); cis-DCE, Tokyo Chemical Industry (Tokyo); VC, Fukuoka Oxygen (Fukuoka, Japan).
Enrichment of the consortia. To enrich the consortia, 2 mL of a PCE-contaminated soil slurry sample from Kanagawa Prefecture, Japan was inoculated into 20 mL of a basal medium, polypeptone (0.2 g/L), beef extract (0.2 g/L), yeast extract (0.1 g/L), 1.9 mM L-cysteine hydrochloride, 2 mM calcium carbonate, and 4 mM resazurin sodium salt at pH 7.2 containing 5 mM each of a different organic acid (sodium acetate, sodium formate, sodium pyruvate, sodium propionate, sodium maleate, or sodium lactate). The medium bottles were sealed with butyl rubber stoppers and crimped with aluminum seals in an anaerobic glove box containing 85% N 2 , 5.0% CO 2 , and 10% H 2 . Next, PCE, TCE, or cis-DCE dissolved in N,N-dimethylformamide was added to a given bottle to a final concentration of 50 mM. Degradation of chloroethenes was analyzed by headspace-gas chromatography. When the added chloroethenes were completely dechlorinated to ethene, the original culture was subcultivated by diluting 10% (v/v) into fresh medium. Because sodium acetate and sodium maleate promoted sustainable dechlorination activity, all subsequent experiments were performed using basal medium containing 5 mM of both sodium acetate and sodium maleate.
Inhibition of TCE dechlorination by BES and molybdate. To evaluate the involvement of methanogens and SRB in TCE dechlorination, the TCE-enriched consortium was incubated with and without an inhibitor of methanogenesis (BES) and with and without an inhibitor of sulfate reduction (molybdate). [21] [22] [23] Chloroethenes, ethene, and methane were then measured by gas chromatography (GC).
Chloroethene, ethene, and methane analysis. Chloroethenes were quantified using a GC-8A PF GC (Shimadzu, Kyoto, Japan) equipped with a flame ionization detector (FID) and a silicon DC-550 column, as described previously. 24) Ethene was quantified using a GC-14B GC (Shimadzu) equipped with an FID and a Sunpak A column (Shinwa Chemical Industries, Kyoto, Japan). The injector and detector temperatures were set at 150 C, and the column temperature at 60 C. Methane was quantified using a GC-14B GC (Shimadzu) with a thermal conductivity detector and a ShinCarbon ST column (Shimadzu). The injector and detector temperatures were set at 200 C, and the column temperature at 170 C. All experiments were performed in triplicate, and the results are shown with the standard deviation of the mean. The data obtained were not corrected for nonideal state of headspace gas pressurized by methanogenesis.
DNA extraction procedure. Cultures were filtered (Filter paper no. 1, Advantec, Tokyo) to remove precipitated calcium carbonate and then centrifuged at 8;000 Â g for 15 min to pellet the cells. Total DNA was extracted using a FastDNA SPIN kit for soil (Q-BIOgene, Carlsbad, CA) following the manufacturer's protocol.
Quantitative PCR analysis of the ''Dehalococcoides'' 16S rRNA and methyl-coenzyme M reductase genes. The copy numbers of the ''Dehalococcoides'' 16S rRNA and methyl-coenzyme M reductase (mcrA) genes were determined by quantitative PCR using a QuantiTect SYBR Green PCR Kit (Qiagen, Venlo, Netherlands) and LightCycler (Roche, Basel, Switzerland) following the manufacturers' protocols. The 16S rRNA and mcrA genes were amplified using 1f-259r and ME1f-ME2r primer sets respectively. 25, 26) The PCR products were cloned into pGEM-T Easy vector (Promega, Madison, W) and used as templates to prepare standard curves for the ''Dehalococcoides'' 16S rRNA and mcrA genes.
Denaturing gradient gel electrophoresis of the 16S rRNA gene in total bacteria and ''Dehalococcoides.'' The variable region of the 16S rRNA gene in total bacteria and ''Dehalococcoides'' was amplified using Taq polymerase (Promega), with 341f-GC-517r and 1f-GC-259r respectively serving as primer sets. 25, 27) Denaturing gradient gel electrophoresis (DGGE) was carried out according to the standard protocol using the DCode system (Bio-Rad, Hercules, CA) with 8% acrylamide gels, with a 35% to 40% denaturant gradient for total bacteria and 30% to 60% denaturant gradient for ''Dehalococcoides'' (100% denaturant corresponds to 7 M urea and 40% formamide). Following electrophoresis, the gels were stained with ethidium bromide. Bands corresponding to the genes of interest were excised and re-amplified by PCR. The resulting amplicons were cloned into pGEM-T easy vector (Promega). The 16S rRNA gene clones of the total bacteria and ''Dehalococcoides'' were sequenced using a LI-COR IR2 DNA Sequencer (LI-COR, Lincoln, NE) and ABI3130xl (Applied Biosystems) respectively. Sequencing results were analyzed using NCBI BLASTN, RDP Classifier, and RDP SeqMatch.
28)
Detection and phylogenetic analysis of reductive dehalogenase genes and mcrA. To determine whether functionally characterized reductive dehalogenase genes were present in the TCE-enriched consortia, PCR using specific primer sets was performed. The bvcA and vcrA genes were amplified using the bvcAF-bvcAR primer sets and degenerated primers designed for the vcrAB operon respectively. 7, 29) The reductive dehalogenase homologous genes were also analyzed by PCR using the B1R-RRF2 primer set. 29) To investigate the methanogenic population, the mcrA gene was amplified with the ME1f-ME2r primer set under published PCR conditions.
26) The amplicons were cloned into pGEM-T easy vector (Promega) and sequenced using an ABI3130xl (Applied Biosystems). Phylogenetic trees for the sequences obtained were constructed by the neighbor-joining method based on alignment of the amino acid sequence of rdhA with the pairwise gap deletion, or alignment of the sequence of mcrA with complete gap deletion using MEGA software version 4.0.
30)
Nucleotide sequence accession numbers. The sequences reported here have been deposited in the DDBJ/GenBank/EMBL databases under accession nos. AB604316 to AB604325 and AB619588 to AB619591.
Results

Enrichment of the consortia
To determine the conditions necessary to establish dechlorinating consortia, we investigated the effects of organic acids on dechlorination activity (data not shown). A PCE-contaminated soil slurry was inoculated into basal media supplemented with various organic acids, including 5 mM acetate, formate, pyruvate, propionate, lactate, and maleate. The media were then spiked with 50 mM PCE, TCE, or cis-DCE. Although dechlorination of chloroethenes was observed for all the organic acids tested, the best dechlorination rate was observed in the presence of maleate. We proceeded to investigate the effects of combining maleate with other organic acids, and found that the addition of both maleate and acetate was most suitable for sustained dechlorination activity.
After serial subculturing, PCE-and cis-DCE-enriched consortia failed to maintain dechlorination activity. On the other hand, the TCE-enriched consortium maintained dechlorination activity for at least 4 years. The TCE-enriched consortium converted 50 mM of TCE to ethene within 25 d with methanogenic activity (Fig. 1A) . The maximum rate of ethene production was calculated to be 6:5 AE 1:8 mM per d. Hence, we decided to use the TCE-enriched consortium in all further experiments.
Analysis of ''Dehalococcoides'' 16S rRNA and mcrA genes Because ''Dehalococcoides'' species are the only known bacteria that convert cis-DCE and VC to ethene through dehalorespiration, we investigated the ''Dehalococcoides'' population within the TCE-enriched consortium by quantitative PCR. During the dechlorination step from TCE to cis-DCE (days 1-5, Fig. 1A ), the copy number of the ''Dehalococcoides'' 16S rRNA gene did not increase (days 1-5, Fig. 1B) . On the other hand, the yield of the 16S rRNA gene copy number was estimated to be 3:7 AE 0:4 Â 10 8 copies/mmol of Cl À release during the dechlorination of cis-DCE to ethene via VC (days 5-25, Fig. 1A and B) . These results suggest that TCE was dechlorinated to cis-DCE by a species other than ''Dehalococcoides,'' whereas dechlorination of cis-DCE to ethene was done by the ''Dehalococcoides'' population.
DGGE profile targeting of the ''Dehalococcoides'' species 16S rRNA gene resulted in four bands, indicating that four different strains were present in the TCEenriched consortium (Fig. 1C) . The sequences of the various bands showed four different 16S rRNA genes of ''Dehalococcoides'' in the TCE-enriched consortium. Bands 1 and 4 showed 100% identity to known 16S rRNA genes of ''Dehalococcoides'' strains 195 and BAV1 respectively. On the other hand, band 2 showed high identity to that of strain 195, with two bp substitutions, from A to G at position 94 and from T to C at position 146. Band 3 also showed high identity to that of strain 195, with one bp substitution from T to C at position 198.
The intensities of all the bands except for band 1 increased during the process of dechlorinating cis-DCE to ethene (days 5-25, Fig. 1A ). The intensity of band 1 decreased after the dechlorination of VC to ethene (days 15-25, Fig. 1A ). This is in good agreement with the quantitative PCR analysis, which indicated that the growth of ''Dehalococcoides'' species was responsible for cis-DCE-and VC-dechlorination, but not for TCEdechlorination. This also suggests that the ''Dehalococcoides'' strains can be classified into two types based on their growth and dechlorination responses: one type grows on both cis-DCE and VC while the other (corresponding to band 1 in Fig. 1C ) grows only on cis-DCE.
Detection of reductive dehalogenase genes and their homologs
To confirm further that ''Dehalococcoides'' are capable of reductive dechlorination, we investigated to determine whether the known cis-DCE/VC reductive dehalogenase genes, vcrA and bvcA, were present in the TCE-enriched consortium. 7, 29) By PCR with specific primers, we successfully amplified both the vcrA gene and the bvcA gene, indicating that vcrA-and/or bvcApossessing ''Dehalococcoides'' strains were present and were responsible for cis-DCE/VC dechlorination in the consortium.
Whether the reductive dehalogenase homologous gene rdhA was present in the TCE-enriched consortium was also investigated by degenerate PCR (Fig. 2) . A total of 32 rdhA clones were sequenced, resulting in the identification of eight representative rdhA genes. Most of the deduced amino acid sequences of the rdhA gene products had high BLASTP scores (>95% amino acid identity) compared to previously reported RdhA sequences. Only one representative clone, KJ rdhA1, had a relatively low score. In it, the highest amino acid identity to functionally characterized reductive dehalogenases was about 38% to CbrA. The cbrA gene was identified as encoding chlorobenzene reductive dehalogenase from ''Dehalococcoides'' sp. strain CBDB1. 31) The rdhA genes obtained in this study were amplified with primer RRF2 containing the N-terminal twin arginine translocation (Tat) signal sequence and primer B1R containing the rdhB gene encoding a putative Dehalococcoides 16S copy/mL mcrA copy/mL 0.0E+00 dehalogenase membrane anchor protein. 29) Hence, the rdhA genes had a structural framework similar to that of known reductive dehalogenase genes. In the alignment of rdhA amino acid sequences, two conserved Fe-S cluster-binding domains were also found. This is consistent with the structures of previously reported reductive dehalogenases.
1)
Effects of BES and molybdate on TCE-dechlorination To evaluate the involvement of methanogens and SRB in the TCE-dechlorination reaction, we investigated the effects of inhibitors of methanogenesis (BES) and sulfidogenesis (molybdate). Complete inhibition of methanogenesis and accumulation of cis-DCE was observed in the presence of 10 mM BES (Fig. 3A) . Without a growth inhibitor, the copy number of the mcrA gene increased from 3:0 AE 0:2 Â 10 7 to 6:0 AE 0:6 Â 10 7 (Fig. 1B) . In contrast, the increase in the copy number of mcrA was completely inhibited in the presence of 10 mM BES. On the other hand, the addition of 10 mM molybdate resulted in the accumulation of VC with methanogenesis (Fig. 3B) .
To investigate the phylotypes of the methanogens in the consortium, clonal analysis of the mcrA gene was performed (Fig. 4) . The mcrA and 16S rRNA genes of methanogens are known to have strikingly similar phylogenetic topologies. 32, 33) All 10 of the mcrA genes we sequenced were identical, and were classified as belonging to a group of Methanomicrobiales that consists of hydrogenotrophic methanogens.
Comparison of PCR-DGGE profiles with and without growth inhibitors
To investigate the BES-and molybdate-inhibited populations that caused cis-DCE-and VC-accumulation respectively, we compared the structures of the bacterial The vcrA, bvcA, and eight rdhA genes that are highly similar (>95% identity) to the rdhA genes detected in the TCE-enriched consortium are indicated in boldface. The asterisk indicates a novel rdhA identified in this study. The tree was constructed by the neighbor-joining method based on an alignment of almost-complete rdhA amino acid sequences. Bootstrap values are indicated at tree roots (percentages of 1,000 bootstrap replicates that support the branch). The scale bar represents 0.2 substitutions per amino acid position. Enrichment of a Trichloroethene-Dechlorinating Consortiumcommunities in the presence and the absence of BES or molybdate by DGGE analysis (Fig. 5) . The eight major gene bands observed by DGGE were sequenced. Analysis of the sequences using RDP Classifier indicated they were to be classified into the phyla Firmicutes, Bacteroidetes, or Spirochaetes (Table 1 ). BLASTN analysis indicated that most of them are related to the clones distributed in the cultures amended with TCE. The four genes could not be sequenced, but disappeared in the presence of BES or molybdate (Fig. 5,  bands A-D) . In addition, two genes (Fig. 5, bands 3 and  4) disappeared from the profile of the molybdatesupplemented consortium. The gene corresponding to band 3 was from the phylum Spirochaetes, while the gene corresponding to band 4 was from Bacteroidetes.
Discussion
In this study, we enriched a microbial consortium containing multiple ''Dehalococcoides'' species from chloroethene-contaminated soil from Kanagawa Prefecture, Japan. Dechlorination of TCE to ethene was maintained stably over 4 years of subcultivation by means of a medium containing hydrogen, acetate, and maleate. Hydrogen and acetate are known to support the growth of ''Dehalococcoides'' strains by serving as electron donor and carbon source respectively. Since a medium containing maleate but not acetate initially supported dechlorination activity, it is possible that acetate and hydrogen, the fermentative products of maleate, supported the growth of the ''Dehalococcoides'' species. For example, the Gram-negative strictly anaerobic bacterium Propionivibrio dicarbozylicus strain CreMal1, which belongs to the family Bacteroidaceae, converts maleate to propionate and acetate stoichiometrically via citrate. 34) We failed to maintain dechlorination activity in PCEor cis-DCE-enriched consortia during serial subcultivation. Maymó-Gatell et al. have reported that commercial cis-DCE was contaminated with approximately 0.4% (mol/mol) chloroform (CF), and that CF inhibited the dechlorination reaction due to D. ethenogenes strain 195.
35) It has also been reported that 2.5 mM CF completely inhibited the dechlorination of VC in a ''Dehalococcoides''-containing KB-1 culture.
36) The commercially obtained PCE and cis-DCE used in this study were found to be contaminated with 0.0017% (mol/mol) and 0.62% (mol/mol) CF respectively, whereas the TCE we used contained only 0.00026% (mol/mol) CF. 37) Accumulation of CF during repeated subculture might therefore have caused the inhibition of dechlorination observed in this study.
The ''Dehalococcoides'' population in the consortium was detected by quantitative PCR and DGGE using specific primers, but DGGE analysis targeting bacterial 16S rRNA genes identified representatives of the phyla Firmicutes, Bacteroidetes, and Spirochaetes, but not of Table 1 . Letters A-D depict genes that disappeared in the presence of BES or molybdate. the phylum Chloroflexi, which includes the members of the genus ''Dehalococcoides.'' Thus, ''Dehalococcoides'' species appear to have been a minor component of the consortium population. DGGE analysis did not identify close relatives of known TCE-dehalorespirers, such as Dehalobacter, Desulfitobacterium, Desulfuromonas, Geobacter, Sulfurospirillum, or ''Dehalococcoides.'' In addition, the PCE and TCE reductive dehalogenase genes, pceA and tceA, respectively, were not detected by PCR using specific primers (data not shown). Hence, the identity of the TCE-dechlorinator in the consortium remains unclear.
The BES inhibition test suggested that methanogens are involved in the growth of ''Dehalococcoides'' strains, but BES also inhibited the dechlorination of chloroethenes in several sediment-free enrichment cultures in the absence of methanogenic archaea. 38) Several bands were absent from the bacterial DGGE profile of the BES-amended consortium as compared to the consortium lacking BES. This bacterial population might have been directly or indirectly inhibited by BES. In addition, we did not detect any aceticlastic methanogens capable of interspecies hydrogen transfer.
17) The Methanomicrobiales we identified is believed to be a hydrogenotrophic methanogen. Methanogenium olentangyi and Methanoculleus chikugoensis, for example, can use hydrogen and CO 2 to produce methane. 39, 40) Methanomicrobiales were also detected in chloroethenedechlorinating mixed culture KB-1. 25) Quantitative PCR analysis indicated that members of the Methanomicrobiales are most frequently found in hydrogen-amended cultures. In a similar fashion, the high frequency of detection of Methanomicrobiales in our TCE-enriched consortia might have been caused by the high concentration of hydrogen (10%) in the headspace gas.
The addition of molybdate led to an accumulation of VC. How SRB directly or indirectly contribute the VCdechlorinating step remains unclear. The DGGE analysis targeting ''Dehalococcoides'' species classified their growth and dechlorination responses into two types: one that grows by converting cis-DCE to ethene, and another that grows by converting cis-DCE to VC. One interesting hypothesis deriving from this result is that inhibition of the growth of cis-DCE-to-ethene dechlorinating ''Dehalococcoides'' can lead to VC accumulation.
The addition of molybdate caused the disappearance of two gene bands on DGGE analysis (Fig. 5, bands 3 and 4), which were identified as belonging to the phyla Bacteroidetes and Spirochaetes. Thus these representatives might have been involved in the VC-dechlorination reaction in the consortium. Bacteroidetes populations have been identified in many dechlorinating mixed cultures, including the KB-1 and ANAS cultures. [41] [42] [43] Spirochaetes populations have been also detected in chloroethenes-dechlorinating consortia. [43] [44] [45] [46] The RDP SeqMatch analysis for the Spirochaetes representative showed the highest score (0.833) to the genus Treponema, specifically, Spirochaetes bacterium SA-8 (AY695839). Treponema primitia performs homoacetogenesis from hydrogen and CO 2 through the Wood-Ljungdahl pathway.
47) The medium we used in this study contained 10% hydrogen and 5% CO 2 in the headspace gas.
In the TCE-dechlorinating consortium obtained here, methanogens and SRB appeared to have different roles in the dechlorination reactions. Metabolites generated from methanogens and SRB, such as hydrogen, acetate, vitamin B 12 , and perhaps other unknown factors, may be required for the growth of the ''Dehalococcoides'' strains in the consortium. Enrichment of a Trichloroethene-Dechlorinating Consortium
